Two novels switched Z-source inverters (ZSI) based on the active switched capacitor with high voltage conversion ratio are presented. These are active switched capacitor-based capacitor assisted extended boost ZSI and diode assisted extended boost ZSI. High voltage gain is required in various applications such as electric vehicles, grid integration of renewable energy sources, etc. The voltage gain of conventional ZSIs are limited and these conventional ZSI has high voltage conversion ratio at a high duty cycle, which results in poor inversion and poor efficiency. In this work, only one additional diode and one active switch are used with the conventional extended boost ZSI to achieve high voltage conversion ratio without adding any additional passive components. Compared to other ZSI topologies, the proposed inverter also guarantees low voltage across capacitors, a wide range of duty cycle operation and continuous source current in addition to high voltage conversion ratio. The detailed operating principles and steady-state analysis and design details are presented. The performance of the inverters is verified through simulation and also through experiments. Both the simulation and experimental results are presented.
I. INTRODUCTION
DC-DC converter and DC-AC inverter are essential power electronic circuits used in almost all power electronics applications. In most of the application, DC input voltage is provided by renewable energy sources or battery [1] . In hybrid electric vehicle (HEV) systems, the energy source is battery and output stage has DC to AC converter. In HEV high gain converter is required for low voltage input battery system. Low voltage battery is generally used for size, cost and reliability point of view. In micro-grids the gird voltage is as per the distribution voltage levels (110V or 230V Phase to neutral voltage) and the grid interface voltage source inverters (VSIs) have high DC bus voltage. Renewable energy sources or energy storage systems will have low input voltage levels. Therefore, a high gain DC to DC converter is very much required in these applications. The conventional VSI is derived from the buck converter so gain of the converter will be less. In the conventional system, cascaded boost with The associate editor coordinating the review of this manuscript and approving it for publication was Zhixiang Zou .
VSI are generally used for voltage gain. However, this leads to increased losses and decreased efficiency as the converter is two-stage [2] .
The problem with a conventional VSI is eliminated with the Z-Source inverter (ZSI). It has single-stage conversion having the buck-boost capability with improved reliability [2] . However, conventional ZSI has discontinuous input current and higher voltage stress across capacitors. In order to address this issue, quasi-ZSI (qZSI) topologies as shown in Fig. 1(a) and (b) are developed [3] . Even though the qZSI addresses the limitations of the conventional ZSI, the boost factor (B) or the voltage conversion ratio is low and equal to that of the conventional ZSI [3] . The voltage conversion ratio known as boost factor (B) for the qZSI and conventional ZSI is given by,
whereas D is shoot-through duty cycle of the ZSI/qZSI at steady state, V pn is the switched voltage of the input side of inverter bridge and V dc is input voltage. The B depends upon the duty cycle as given in (1) . For simple boost PWM control techniques, the modulation index (M ) is limited to (1 − D) [4] . Moreover, the ZSI is economical when it is operated with B < 1.5 that is D ≤ 1/6 in (1) [5] . So, the conventional qZSI and the conventional ZSI are not suitable for applications where high voltage conversion ratio is required. In order to enhance the voltage conversion ability of the conventional ZSI and qZSI several modifications are proposed such as, switched-inductor, coupled inductors, switched-capacitor, hybrid switched inductor-switched capacitor, etc. [6] - [16] . In switched-inductor or capacitor techniques, the single inductor is replaced with the two inductors with capacitor and diodes. This increases the number of passive components and switches in the circuit. Also, the voltage conversion ratio is increased by adding the number of such switching stages which results in increased losses, increased volume and increased weight of the overall system [17] . Fig 2 shows extended boost ZSI (EB-ZSI) which is derived from the conventional qZSIs [18] . There are two types namely the capacitor assisted extended boost (CEB-ZSI) is shown in Fig. 2 (a) and diode assisted extended boost (DEB-ZSI) is shown in Fig. 2(b) . The voltage conversion ratio of CEB-ZSI is given by,
Similar performance is seen by the diode assisted DEB-ZSI shown in Fig. 1(d) . The voltage conversion ratio of the DEB-ZSI is given by,
The above CEB-ZSI and DEB-ZSI have low capacitor voltage stress, continuous input current profile and higher voltage conversion ratio compared to conventional qZSI/ZSI. Other types of EBZSI are derived by using switchedinductor or capacitor and these are known as switched enhance boost ZSI (SEB-ZSI). The hybrid switched techniques is used in the Z -impedance network [19] to enhance voltage conversion ratio. This topology has discontinuous input current profile. This enhanced boost ZSI is based on switched inductor and switched capacitor uses higher number of passive compon-ents (has four capacitors, four inductors, and five diodes) compared to DEB-ZSI and CEB-ZSI and conventional ZSI and qZSI. The other SEB-ZSI presented in [20] further improves this topology by eliminating the discontinuous current profile of [19] . The voltage conversion ratio in both the SEB-ZSI are same and it is given as in (4)
Even though [20] has extended voltage conversion ratio and continuous input current but it uses higher number of passive components. The voltage conversion ratio can be further increased without using any extra passive components but by modifying the bottom side capacitor (C 2 , C 3 in Fig 2) as switched capacitor [12] . By using active switching of this Fig. 3 (a) shows the proposed CSC-EB-ZSI. The proposed extended ZSI uses four capacitor and three inductors similar to the conventional CEB-ZSI. The proposed CSC-EB-ZSI has one additional active switch and diode as compared to the conventional CEB-ZSI. In the analysis presented in this paper, lower case letters are used to represent the instantaneous values, and upper-case letter are used to indicate the steady state average values.
II. PROPOSED CAPACITOR-ASSISTED SWITCHED CAPACITOR EXTENDED SWITCHED-BOOST ZSI

A. OPERATING PRINCIPLE OF CSC-EB-ZSI
The v c1 , v c2 , v c3 and v c4 are the voltage across the capacitors C 1 , C 2 .C 3 and C 4 respectively. The v L1 , v L2 and v L3 are the voltages across inductors L 1 , L 2 and L 3 respectively. The inductors currents are denoted by i L1 , i L2 and i L3 and i c1 , i c2 , i c3 and i c4 are the currents through the capacitors. This converter has two operating modes namely, shoot through mode (DT ) and non-shoot through mode ((1 − D)T ). The equivalent circuit of the proposed CSC-EB-ZSI in shootthrough (DT ) and non-shoot-through interval ((1 − D) T ) are shown in Fig. 4 (a) and 4(b) respectively. The current flowing through the inverter bridge during non-shoot-through interval is denoted as i pn .
In Fig. 4 (a), the circuit dynamics during shoot-through interval is as follows:
The circuit dynamics during non-shoot-through interval in Fig 4(b) is as follows.
The non-shoot-through and shoot-through intervals are used for the steady state analysis. Applying the voltage-second balance principle to the inductors L 1 , L 2 and L 3 the following steady state relationships are obtained: (20) The voltage conversion ratio, B for the proposed CSC-EB-ZSI is defined as,
The boost factor of the proposed capacitor assisted ZSI is higher than the CEB-ZSI. From the (2) and (21), it is clear that B is increased from 1/(1 − 3 D) of CEB-ZSI to 1/(1 − 4D + 2D 2 ) by using only one additional switch and diode.
It should be noted that in the proposed topology, B similar to that of SEB-ZSI given in [19] , [20] is achieved but with reduced number of passive components and switches. The peak AC voltage gain of the ZSI output can be written in terms of M (where M = 1 − D) and B as follows:
This AC gain also depends upon the type of PWM used. Here simple boost control technique is used in which P(D+M ) ≤ 1 [4] . From the relationship of (21), and (22) it is clear that proposed CSC-EB-ZSI gives higher B as compared to conventional CEB-ZSI [18] by adding just one additional active switch and one diode. The proposed CSC-EB-ZSI has voltage conversion ratio same as that of SEB-ZSI but with a lesser number of passive components. Fig. 3(b) shows the proposed DSC-EB-ZSI. The proposed DSC-EB-ZSI uses three capacitor and three inductors similar to the conventional DEB-ZSI but has one additional switch and diode. The operation of this ZSI is very similar to the proposed CSC-EB-ZSI explained in previous section.
III. PROPOSED DIODE-ASSISTED SWITCHED CAPACITOR EXTENDED SWITCHED-BOOST-ZSI
A. OPERATING PRINCIPLE OF DSC-EB-ZSI
The voltage across the capacitors are v c1 , v c2 and v c3 and v L1 , v L2 and, v L3 are the voltages across the inductors L 1 , L 2 and L 3 respectively. The capacitors currents are i c1 , i c2 , i c3 , current through inductors are i L1 , i L2 , i L3 and capacitor voltages V c1 = V c2 . The equivalent circuits of the proposed DSC-EB-ZSI in shoot-through (DT ) and non-shootthrough interval ((1 − D) T ) are shown in Fig. 5 (a) and 5(b) respectively. The circuit dynamics during shoot-through interval are as: 
The circuit dynamics during non-shoot-through interval are as:
Applying voltage-second balance for one switching period to the inductors L 1 , L 2 and L 3 . After applying the voltagesecond balance from inductors equations the following steady state relationships are obtained:
The voltage conversion ratio for the proposed DSC-EB-ZSI is defined as,
The boost factor of the proposed DSC-EB-ZSI is higher than the conventional DEB-ZSI. From the (3) and (38), it is clear that voltage conversion ratio is increased from 1/(1-3D+2D 2 ) of DEB-ZSI to 1/(1-2D) 2 by using one extra switch and diode. The proposed DSC-EB-ZSI behaves like the quadratic voltage conversion ratio of the classical qZSI/ZSI. Also, the proposed DSC-EB-ZSI has wide range of operation capability as compared to the conventional DEB-ZSI. The peak AC gain of the proposed DSC-EB-ZSI output can be written in terms of M and B as follows:
From the relationship of (38), and (39) it is clear that proposed DSC-EB-ZSI gives extended higher voltage conversion ratio as compared to conventional DEB-ZSI.
IV. DESIGN CONSIDERATION
The capacitors and inductors are calculated to limit the switching frequency current ripple and ripple voltage within the desired range. The passive components are design based on the [20] . So, for the proposed CSC-EB-ZSI and DSC-EB-ZSI, the inductors and capacitors are obtained as follows: where i = 1 to 3. i L1 , i L2 and i L3 represent percentage ripple currents in L 1 , L 2 and L 3 during shoot-through interval D. V c1 , V c2 and V c3 represent percentage ripple voltages in C 1 , C 2 and C 3 during D.K st is the coefficient factor, given by the number of shoot-through occurrences in one triangular switching frequency, f s is the switching frequency. The inductor voltage and capacitor current equations discussed in section II and III are utilized for (40) and (41).
V. PWM CONTROL TECHNIQUE
The proposed CSC-EB-ZSI and DSC-EB-ZSIs are discussed using the simple boost control techniques [4] shown in Fig. 6 . In this PWM control techniques high frequency triangular waves are compared with the two reference DC values (±V s ). For better illustration of the PWM generation, the triangular frequency is taken as six times the frequency of the reference sinusoidal waveform, but it should be noted that, in actual system the triangle frequency is about 200 times that of sinusoidal reference waveform. From Fig. 6 the triangular waveform (V tri ) is compared with reference sinusoidal signals (±V sref ) and two reference DC signals (±V s ). This DC signals decide the shoot-through duty interval. Fig. 6 shows that in every shoot-through duty interval four out of five switches are turned ON. Two shoot-through duty cycles occur in one triangular waveform.
VI. COMPARATIVE ANALYSIS
The boost factor and AC peak voltage gain comparisons are shown in Fig. 7 . The comparative analysis with components counts and boost factor are listed in the Table 1 . For the fair comparisons, the comparisons are done on the extended boost based ZSIs. Fig. 7 shows that at D = 0.25, the proposed CSC-EB-ZSI has B = 8 whereas conventional CEB-ZSI has B = 4. Similarly, at D = 0.25, the proposed DSC-EB-ZSI has B = 4 and the conventional DEB-ZSI has B = 2.65, So for the given duty cycle, the conventional EB-ZSIs have lesser boost factor compared to the proposed SC-EB-ZSIs. The proposed SC-EB-ZSIs also have higher AC gain, compared to EB-ZSI. It should be noted that voltage conversion performance of the proposed CSC-EB-ZSI is same as that of SEB-ZSIs given in [19] , [20] . But the major disadvantage of SEB-ZSIs is that it has 4 inductors, 4 capacitors, and 5 diodes whereas proposed CSC-EB-ZSI has 3 inductors, 4 capacitors, 3 diodes and one switch, which is clear from the Table 1 . Also, SEB-ZSI have higher capacitor voltage stress and SEB-ZSI of [19] has discontinuous input source current. The proposed capacitor assisted-ZSIs has added advantage that it can operate with wide duty cycle and input DC source current is continuous. Moreover, the comparative capacitor voltage stress is shown in Table 2 . The capacitor voltage stress mainly depends upon the respective boost factor and duty cycle. For the same voltage gain low boost factor ZSIs need to be operated at higher duty cycle. It is also clear that ZSI [19] has higher capacitor voltage stress as compared to proposed CSC-EB-ZSI.
VII. SIMULATION VERIFICATION
The proposed extended ZSIs performance is verified through simulation using PSIM 11.0. The specification and parameters used for the proposed CSC-EB ZSI and DSC-EB-ZSI are listed in Table 3 and Table 4 respectively. The inductors are design for < 20% of high frequency current ripple and capacitors for < 1% of voltage ripple. A single-phase AC system is used at the output stage for validation. AC side Fig. 8(a) and Fig. 8(b) shows the simulation of the proposed CSC-EB-ZSI for V dc = 65 V, D = 0.2 and M = 0.8. Fig. 8(a) shows that the capacitors voltages V c1 = V c3 = V c4 = 46.5 V, and V c2 = 139 V. From Fig. 8(b) we can observe that the inductor currents are continuous and i L2 = i L3 . For the given operating conditions, the peak value of V pn = 230 V, so B = 3.57 which is in line with the (21). The peak value of steady state AC output voltage is equal to V ac = 185 V which is in line with the analytical results in (22). The peak value of the off state voltage across the switch is V so(max) = V c4(max) = 139 V. the peak value of the off state voltage across diodes V D1(max) = V D2(max) = −230 V. Fig. 9 (a) and Fig. 9 (b) shows the simulation results of the proposed DSC-EB-ZSI. Fig. 9(a) shows that the capacitors voltages are V c1 = V c2 = 36.8 V, and V c3 = 108 V. From Fig. 9 (b) , it is again clear that the proposed DSC-EB-ZSI has continuous inductor current and i L2 = i L3 . For the given The simulation studies are repeated for another operating point that is D = 0.25 and M = 0.75 with higher gain capability and results are given Fig. 10 for CSC EB-ZSI. In Fig. 10 , the capacitor voltages are V c1 = V c3 = V c4 = 130 V, and V c2 = 260 V. For the given operating conditions, the peak value of V pn = 520 V, so B = 8 which is in line with the (21). The peak value of steady state AC output voltage is equal to V ac = 390 V and load current is 1.8 A which is in line with the analytical results in (22), so G = 6. From this verification, it is clear that the peak AC gain is 6 times that of DC input voltage.
The proposed DSC-EB-ZSI is also verified for high voltage ratio capability as shown in the Fig. 11 . The simulation verification is operated at the D = 0.25 and M = 0.75. The capacitor voltages are V dc = V c1 = V c2 = 65 V, and V c3 = 130 V. The voltage gain ratio B = 4, so the voltage at the input terminals of the inverter, V pn = 260 V which is in line with (38). The peak AC voltage is measured as V ac = 195 V and load current is 1.9 A. From this verification, it is clear that the peak AC gain G is three times that of DC input voltage which satisfied the (39).
VIII. EXPERIMENTAL VERIFICATION
The experimental verification is performed using FPGA NEXYS DDR 7 controller. To verify the proposed CSC EB-ZSI, an experimental prototype is designed and fabricated in the laboratory. The parameters used for experimental verification as well as simulation verifications are same. The specifications of components are given in Table 3 . The experiment is conducted for the input voltage of 65 V, duty cycle D = 0.2 and modulation index M = 0.8. The carrier triangular frequency is used for PWM generation of 10 kHz and reference sinusoidal AC waveform frequency is 50 Hz. The PWM signal generation for the switches are shown in Fig. 12 for positive and negative reference signals.
As the performance of the both the proposed ZSIs are same as they are derived form same basic topology and CSC-EB-ZSI has higher gain compared to DSC-EB-ZSI, only CSC-EB-ZSI is experimentally validated. Fig. 13(a) shows the experimentally measured capacitor voltages are measured as V c1 = V c3 = V c4 = 45 V, and V c2 = 134 V for the input voltage of V dc = 65V. The inductors current as well as the voltage across the input terminals of inverter (V pn ) are shown in Fig. 13(b) . These results match with the simulation results given in Fig. 8 .
The voltage waveform across diodes are shown in Fig. 14(a) . The measured maximum off state voltage across the diodes are V D1 = V D3 = −225 V and V D2 = −135 V which is clear from the Fig. 14(a) . The experimental waveform of the inverter output voltage, voltage across load and load current are shown in Fig. 14(b) . From the Fig. 14(b) it is clear that at steady state the peak AC output voltage is V ac = 180 V with a gain of G = 2.77. The high voltage conversion ratio is verified from the experimental verification. The total harmonic distortion of the output voltage is < 3 %. The analytically calculated and experimentally measured values of efficiency for different loads is shown in Fig. 15 . The efficiency is calculated with the approach given in [20] . The analytically calculated maximum efficiency is 94.5 % at 106.2 W load and experimentally measured maximum efficiency is 93.4 % at 103.6 W load. This shows that the experimental results match the analytical and simulation results.
IX. CONCLUSION
In this paper, two novel active switched-capacitor based extended boost ZSIs namely capacitor assisted active switched-capacitor based extended boost ZSI and diode assisted active switched-capacitor based extended boost ZSI are presented. Both of the topologies are capable of high voltage conversion ratio so it can be effectively used for microgrid, electric vehicle, and renewable energy applications. These topologies are derived from the conventional capacitor assisted extended boost ZSI and diode assisted extended boost ZSI without adding any additional passive elements. The advantages of these topologies are that these have continuous input current, less capacitor voltage stress, less switch voltage stress and give higher voltage conversion ratio at low duty cycle. So, the proposed topologies are preferred for the applications where high voltage gain is required from low voltage DC input. The detailed steady-state operation of the proposed ZSIs, analysis, design criteria, PWM techniques and simulation verification are presented. Finally, experimental verification is done using an experimental prototype of capacitor assisted active switched-capacitor based extended boost-ZSI.
